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Forces in kinesin and cargo
The force F c acting on the cargo is obtained by adding every force F k,i generated by each kinesin i and the external load F L as
The external load is expressed with minus because the positive direction is considered toward the minus end of MT. Since the Reynolds number regarding the motion of the cargo is very small, the position of the cargo can be determined using Stokes' law as
where r c is the radius of the cargo and η denotes the viscosity of the fluid. The viscosity of water is used in this study. The cargo linker is composed of two coils which are folded onto each other. The coil contains about 700 amino acids [1] . The distance between adjacent amino acids in the coil along its axis is approximately 0.15 nm [2] . Also, the pitch angle of the coiled coil is about 20
• [3] . Thus, the length of the cargo linker can be estimated to be approximately 100 nm (because 0.15 × 700 × cos(20
• ) = 98.7). Thus, the ability of the cargo linker to support forces is assumed to be negligible when the distance between the cargo and the neck is smaller than 100 nm. Note that this is the distance between the ends of the cargo linker. The same distance, measured along the MT is smaller due to geometric effects (2 or 3D). The value of the distance between the end points along the MT where loads start to be transferred is smaller than 100 nm and is denoted by L c . When the radius of the cargo is 50 nm, the value of L c can be calculated as 94 nm using the geometric relation suggested by Fehr et al. [4] . Thus, the force transferred to the neck of the i th kinesin via its cargo linker is obtained as
While a kinesin head waits for ATP to bind, it is assumed that the whole force on the neck is transferred to the forward head and the other head does not have any load. Experiments support this assumption [5, 6] . After the diffusion of the free head to the next binding site, both heads are strongly bound to the MT. Thus, the force on the neck is transferred through both neck linkers. The force transferred by the neck linkers to the neck is calculated as
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Both F k,i and F n,i are applied at the neck. The size of the neck is assumed negligible. Thus, these two forces have to balance. The positions of the cargo and the necks of all kinesins are obtained at every time step as the values which satisfy this force equilibrium, Equations S1 and S2.
Chemical reaction
The 
where
ATP+MT]2 and P [K.ADP.Pi+MT] denote the probabilities of chemical states of kinesin shown in Figure 2 . Parameters k 1f , k 1b , and k 2f are the transition rates between the states. If the i th cycle starts at t i , the probability of the current state during the cycle is obtained by solving Equation S5 with the initial conditions P [K+MT] (t i ) = 1, and Figure S1 shows the probabilities of the bound states over time. The two curves in Figure S1 (b) show the two probabilities, P [K+MT] (t) and
To determine the instants of transitions, a uniformly distributed random number (r w ) between 0 and 1 is generated. When The transition rate regarding the dissociation of an ATP molecule from the forward head is assumed to depend on the stresses on the kinesin head as
where Φ c and κ are parameters of the model [7] .
Backward step
If a large load acts on the cargo, kinesins walk toward the minus end of the MT as well as toward the plus end [8, 9] . Because the run length and velocity of the cargo depend on the backward motion of kinesins, the backward motion is also considered in this study. In the model we adopted [10] , the kinesin walks backward when a large load acts on the kinesin molecule because the free head diffuses back to its original site, as shown in Figure S2 . The model parameters are obtained using experimental results obtained by Carter et al. [8] . They observed that the probability of backward steps increases exponentially with the external load.
To model this process we use the following algorithm. When the ATP is bound to the head of a kinesin, the probability of backward steps corresponding to the force on the kinesin is calculated, and a uniformly distributed random number between 0 and 1 is generated. If the random number is larger than the probability of a backward step, then the free head of the kinesin diffuses to the forward binding site. Otherwise, the free head moves to the binding site behind the fixed head. Table S1 shows the values of the parameters of the mechanistic model. Note that the rate constants of the model in the absence of external loads are similar to the values obtained in the experiment of ATPase [11] . K c is defined as the experimentally obtained value [12] . In this study, the neck linker is assumed to behave like a linear spring. Thus, the value of K n is determined so that the linear spring has the same strain energy with the energy of the worm like chain model in [13] . The parameters regarding chemical rate constants (i.e., k 1f , k 1b , and k 2f ) of set A are experimentally measured values in the absence of load [11, 14] . The other values (i.e., Φ c and κ) are obtained by fitting to the measured velocity from the single molecule experiment [15] . When ATP is high, these values predict the velocity similar to experiments, as shown in Figure S3 (a) below. However, the velocity of the model does not match to the experimental data when ATP is low, as shown in Figure S3 in set B. The difference comes from the dependence on load which is modeled with Equation S6. The chemical rate constants in the absence of loads of set B are similar to the experimentally measured values by Gilbert et al. [11, 14] . Also, velocities predicted from set B are similar to the experimentally measured velocity for both high and low ATPs, as shown in Figure S3 (a) and (b). Hence, the parameters in set B were used.
Parameters
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Figures Legends Figure S1 . Figure S2. Backward step cycle is depicted. ATP binds to the leading head (a); next, the trailing head moves forward due to the conformational change (b); due to the large resisting load acting on the cargo linker, the free head diffuses back to its original site; then, the head attaches to the MT by releasing ADP (c), and ATP is hydrolyzed in the other head (d). Tables   Table S1 . 
